Temperature dependence of exciton-surface plasmon polariton coupling in Ag, Au, and Al films on InxGa1−xN/GaN quantum wells studied with time-resolved cathodoluminescence J. Appl. Phys. 117, 043105 (2015) In this article we experimentally demonstrate the strong coupling between surface plasmon polaritons (SPP) and the S 2 state of β-carotene. The SPPs are excited by prism coupling technique on a thin silver film with β-carotene embedded in a polymer layer on top of that. Rabi splittings with energies 80 and 130 meV are observed in the recorded dispersion relations. Both coupled oscillator model and transfer matrix method are used to fit the experimental results. The scattered radiation of the propagating strongly coupled SPP-S 2 hybrids is collected and an increase of the low energy splitting to 120 meV is observed compared to the reflectivity data. In addition, we performed molecule excitation by laser and analyzed the emission patterns revealing clear surface plasmon coupled fluorescence of β-carotene. By increasing the concentration of β-carotene we are able to collect also surface plasmon coupled Raman scattering. This study substantially extends the SPP-molecular excitation strong coupling studies to biomolecules, and energy transfer and coupling properties of excited states of carotenoids.
I. INTRODUCTION
In recent decades growing attention has been paid to experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] and theoretical 10 studies of surface plasmon polaritons (SPPs) strongly interacting with fluorescent molecules. SPP is a strongly coupled mode between light and coherently oscillating electrons on a metal surface, which can bypass the diffraction limit and still interact with optically active molecules similarly as photons. [11] [12] [13] In the case of weak interaction, energy can be transferred from a SPP to a molecule, which then usually relaxes via fluorescence; or vice versa, the fluorescence near the metal can excite SPPs on it. [14] [15] [16] [17] [18] This can be utilized on development of new nanodimensional photonic elements such as frequency converters, 19 planar elements with desirable refractive index, 20 etc. Also, many modern spectroscopic techniques are based on the surface plasmons. For example, surface enhanced Raman spectroscopy (SERS) exploits electric field enhancement of plasmonic excitation that leads to an enormous increase in the Raman signal. 21, 22 Likewise, the surface plasmon coupled emission (SPCE) is a (bio)analytical tool that provides high fluorescence detection sensitivity and spatial separation of surface and bulk generated fluorescence. [23] [24] [25] [26] [27] However, the high confinement of the SPP field and the large dipole moments of dye molecules can easily fulfill also the conditions for a strong coupling, where the molecule excited by SPPs does not anymore relax via fluorescence, but the energy is directly coupled back to the SPPs. In this regime the excitation becomes delocalized and SPP-molecule system must be considered as a whole, resulting in hybrid SPP-molecule states. 5, 8, 28 The energy level splitting, also known as Rabi splitting, with the width directly related to the square root of the molecule concentration, is a signature of formation of such hybrid states. [1] [2] [3] [4] [5] [6] [7] [8] [9] So far, to our knowledge, all experiments have been carried out by using high fluorescent dyes with a relatively simple energy state diagram. [1] [2] [3] [4] [5] [6] [7] [8] [9] [23] [24] [25] However, frequently in biosciences one has to deal with substances having a low fluorescence efficiency and a complicated excited state structure. One especially interesting optically active biomolecule is β-carotene, since among natural pigments the carotenoids have outstanding importance due to their functions in photosynthesis. 29 In light-harvesting complexes, carotenoids are in close proximity to (bacterio)chlorophyll molecules resulting in a strong coupling between the excited states of the pigments. 30 In recent years, it has become clear that the light induced excitation energy is transferred within and among the light-harvesting complexes via hybridized states of strongly coupled pigments. [31] [32] [33] Thus, studies of strong coupling between the excited states of β-carotene and other type of excitation, like SPP, can reveal new information on energy transfer properties of carotenoids in natural systems as well. In addition, carotenoids are also potential candidates for molecular wires, 34 and perturbing their conductivity by SPPs can reveal new aspects from it. 35 In contrast to other dye molecules utilized in SPP studies, carotenoids show a strong electron correlation, a rather complicated excited state structure and short excited state lifetimes, and thus low fluorescence yield. Since the transition to the first excited state S 1 (with symmetry group of 2 1 A g ) is forbidden due to the molecule symmetry, the conventional absorption and fluorescence spectroscopy observes transitions involving second excited state of carotenoids, conventionally called S 2 (1 1 B u ). 36 On the other hand, carotenoids have strong vibrational states resulting in intense resonance Raman signals. 37 Since the vibrational levels play an essential role in In this article, we report an extensive study of β-carotene S 2 state strongly coupled to SPPs excited on a silver film. Within our knowledge this is the first study of coupling dynamics between SPPs and complex biologically important molecule.
II. EXPERIMENTAL
Samples were fabricated on top of a regular microscope glass slides with dimensions of 20 mm × 20 mm, and thickness of 1.5 mm. The glasses were cleaned with hot acetone, followed by 5 min sonication in isopropyl alcohol, and drying by dry nitrogen flow. To remove organic residuals the reactive ion etching with oxygen plasma was used for 2 min with parameters: 50 SCCM, 200 W. After that, the silver layer was formed on top of the glass by electron-beam evaporation in an ultra-high (10 −8 mbar) vacuum. The characteristic thickness of the metal layer is ∼50 nm, which was verified by an atomic force microscope. The evaporation rate of 0.02-0.05 nm/s was chosen to obtain reasonably smooth surface (2.5 nm RMS).
SU-8 epoxy-based polymer negative resist (Microchem SU-8 2025) was used as a matrix for the molecules. One milligram of β-carotene (purchased from Fluka, no additional purification was done) was first dissolved in 1 ml chloroform. After that the obtained solution was mixed with 10 μl of SU-8 resist already diluted in cyclopentanone (1:6 volume ratio). Further filtering was used to remove possible aggregates with sizes above 0.2 μm. After the filtration the resist was spin-coated on top of the silver as shown in Fig. 1 . To obtain the resist thickness of ∼40 nm the spinning rate of 4500 rpm was used for 1 min. Our typical routine of molecule doped resist handling requires 3 min sample baking at 95
• C. In the case of β-carotene the heating was avoided, because it led to extended β-carotene aggregation. For the absorption measurements reference samples without silver were similarly fabricated. The absorption spectra were measured by PerkinElmer UV/VIS Lambda 850 spectrometer at room temperature.
For each measurement set a new sample was always fabricated, since in a longer use the β-carotene layer may degrade due to the extensive light illumination and interaction with oxygen in air. 40, 41 Additionally, we had to consider an effect due to the unexposed SU-8 resin. The reference sample absorption changed more than two times after 1.5 h illumination with 488 nm ∼90 μW/mm 2 laser beam, whereas the sample without SU-8 did not change its absorption. Thus, in addition to have always a fresh sample for repetitive measurements, a special care was taken to minimize any effect of the film degradation. Figure 1 shows schematics of our experimental setup. The hemicylindrical prism (ThorLabs) made of BK7 glass was used in Kretschmann configuration 12, 13 and a sample was installed on the flat face of the prism by index matching oil. Oriel 66182 white light source was used for excitation ( Fig. 1(a) ). The light was collimated and aligned by two slits with a rotatable prism polarizer in between to adjust the polarization. The incident angle of the incoming light was adjusted manually by rotating the goniometric prism mount. The reflected, detection 1 (D1), and scattered (D2) signals were collected by a collimating optics assembly F220SMA-A (ThorLabs) f = 10.9 mm, NA = 0.25 that was connected to an optic fiber. The radiation was guided to Jobin Yvon iHR320 spectrometer equipped with Jobin Yvon Symphony CCD camera. It should be noted that the reflected and the scattered signals were not collected simultaneously.
To perform the second part of the study, the setup was slightly modified to the configuration shown in Fig. 1(b) . The sample with β-carotene was excited from the molecule side with 488 nm or 514 nm (∼70 μW/mm 2 ) lines from Stelar-Pro multi-line argon laser (Modu-Lasers), and the emission was collected from the prism side as well as from the molecule side. This method of excitation is often referred as a reverse Kretschmann configuration. 22 To collect the emission from the 270
• -360
• region, i.e., from the molecule side, the detection unit was equipped with stained glass filters to cut the excitation radiation. In the prism side, i.e., angles 0
• -90 • , the detection filtering is not required, since the amount of scattered radiation from the transmitted beam is reduced by focusing properties of the prism, and the region of the emission, i.e., 33
• -42
• , is far from the transmitted beam. To check the polarization of the emission the polarizer was introduced into the detection line in both regions.
III. RESULTS AND DISCUSSION
Examples of the measured absorption spectra are shown in Fig. 2 . For the further modeling, the absorption spectrum of the β-carotene film was fitted with four Lorentzian curves associated with four vibrational bands of the S 0 →S 2 transition. The peaks are located at 508 (0-0 transition), 472 (0-1), 443 (0-2), and 421 nm (0-3). The overall redshift of the thin film spectra as compared to the highly diluted solution spectrum with the bands at 494, 461, 433, and 411 nm is most likely due to a J-aggregate formation. The tendency of formation of H-and J-aggregates in hydrated polar solvents is well-known for carotenoids, 42, 43 and is controlled by solvent properties and molecule concentration. In the present case the high concentration of β-carotene in the initial solution leads to a presence of some J-aggregates in the film. Subsequent drying of the film has minor effect on the aggregate formation and therefore on the absorption spectra. Also, the fluorescence of the β-carotene film on top of a silver layer was recorded at angles 270
• by the setup shown in Fig. 1(b) . The obtained fluorescence spectra agreed very well with the spectrum recorded from a β-carotene solution as shown in the inset of Fig. 2 .
The typical data obtained via Kretschmann configuration by D1 and D2 are shown in Fig. 3(a) . The reflected light spectrum (D1) was collected for every angle of incidence higher than the total internal reflection angle and divided by the spectrum collected at 0
• angle of incidence bypassing the prism and the sample. Finally, the data were normalized to the highest value over the whole range. The scattered radiation data were collected at D2 with the same angles, but only normalized to the highest value over the whole range. The coupling to SPPs manifests itself as minima in the reflected spectra and maxima in scattered radiation spectra.
We analyzed the experimental data using two approaches-transfer matrix method 44 and coupled oscillators model. 45 First one is based on Fresnel equations for multilayered structures. The model system used was multilayered structure that consists of semi-infinite dispersionless glass (dielectric constant ε g = 2.43), 50 nm silver layer with dielectric function calculated using the data from Ref. described by an equation
where ε s = 3 is a frequency independent dielectric permittivity of the media that is hosting the β-carotene molecule, i.e., SU-8 resist in our case. A = {0.0200, 0.0260, 0.0236, 0.0130} is a dimensionless parameter characterizing the strength of an oscillation with the corresponding resonance frequency ω 0 = 2π /λ = {1236.47, 1330.41, 1416.90, 1493.52} × 10 4 m −1 , where λ is the wavelength, and γ = {0.91, 1.20, 1.60, 1.60} × 10 8 m −1 describes damping of such oscillation. We deduced parameters A i , ω 0i , and γ i from the measured absorption spectra of the reference samples containing only the β-carotene resist film spun on the glass substrate. Figure 3(b) shows calculated reflectance coefficient of the modeled system together with the experimental data showing the positions of the minima obtained by fitting Lorentzian curves to the dips in the reflectance, i.e., D1. Both data clearly show opening of the energy gaps at the transitions, and thus, the formation of the strongly coupled SPP-S 2 hybrid modes. It is important to realize that D2 data result from SPPs scattering on silver film imperfections and it is not the transmittance in terms of the transfer matrix method. D2 signal is also affected by the SPP-β-carotene interaction that is beyond the model described above. So, the D2 data cannot be fitted with the transfer matrix method directly.
We are able to reliable resolve three hybrid branches in D1 geometry, i.e., energy splittings corresponding to the strong coupling between SPP and the β-carotene transitions (0-0) and (0-1), and two branches in D2, i.e., only the splitting with (0-0) transition was resolvable due to the reduced amplitudes of the higher energy modes. We call them 0-0 and 0-1 splits in the further discussion. The higher energy branches in D1 (and D2) cannot be resolved due to their increasing linewidths and reduced amplitudes as also visible in the calculated transfer matrix data in Fig. 3(b) . The excess decrease of the intensity of the higher energy branches in the scattered radiation, D2, compared to D1, has been observed also earlier. 3, 47 There are several possible reasons for that; higher Ohmic losses for higher energies of SPPs, energy transfer between the branches or between the SPP-S 2 hybrid states and uncoupled S 2 -excitations, 34 relaxation to vibrational reservoir 38, 39 are among them. The dispersion curves, i.e., energy dependence of the SPP-S 2 mode on the in-plane wavevector component k x , can be deduced from the fitted extrema of D1 or D2. Experimental dispersion relations together with the fits by the coupled oscillators model 1, 3, 47 are shown in Fig. 4 . The energy gaps are clearly visible at the positions of the two lowest β-carotene film absorption maxima, i.e., (0-0) and (0-1). In D1 the 0-0 and 0-1 splits are 80 ± 20 and 130 ± 20 meV, correspondingly, while the D2 data yield 120 ± 20 meV for the 0-0 gap. These values were derived from the fitted coupling strength parameters in a coupled oscillator model calculation. 45 The change of the energy gap value between k ( D1 and D2 is explained by increased interaction time between SPP and molecules. We refer to earlier papers for the detailed explanation of the phenomenon. 3, 47 Also a concentration study was done for the width of the lowest (0-0) split, and as expected in the case of strong coupling, the split width was linearly dependent on the square root of the total absorption as shown in the inset of Fig. 3(b) . The change of the excitation intensity, more than an order of magnitude, did not affect the dispersion at all, implying the energy gaps being vacuum Rabi splits.
In order to understand the radiation patterns observed in the reverse Kretschmann configuration experiments we refer to models of dipole radiation near the interface. The models are dealing with application of Fresnel coefficients to the dipole 48 or multipole 49 fields. We considered a multilayer system that includes semi-infinite air, 30 nm dielectric layer with β-carotene dielectric function (Eq. (1)); 50 nm silver layer with dielectric function calculated using data from Ref. 46 , and semi-infinite glass medium. Dipoles are positioned at the boundary between the air and the dielectric medium. Also, it is assumed that the orientation of the dipoles is random and they radiate uniformly in energy domain. We present calculation of the p-polarized radiation profile together with the measured one for 570 nm wavelength in Fig. 5(a) . The measurements were done with excitation by 488 and 514 nm laser and it agrees very well with the calculated profile. In 0
• -90
• region we observe strongly directed emission at 38
• that is SPCE. Due to the SPP dispersion relation the certain molecule coupled transition is capable to excite SPP with a unique wavevector, so the angular position of SPCE is dependent on the radiation energy. As a result also the measured spectrum is dependent on the detection angle as seen in Figs. 5(b) and 5(c). Radiation in 270
• region, i.e., on the molecular side, is the β-carotene fluorescence (Fig. 2 inset) . Its intensity distribution is Lambertian and the spectrum is the same at every angle.
Collecting of SPCE from the prism side is another way to obtain the part of the dispersion relation. We used 488 and 514 nm lasers for the excitation, so we were able to obtain the emission from the lower energy states of the β-carotene that were further coupled to SPPs or the SPP-S 2 hybrid states. Yet, as the fluorescence spectrum of the β-carotene extends from 520 to 620 nm (see Fig. 2 ), only the lowest energy branch of the dispersion relation was accessible as shown in Fig. 6 . It should be stressed that in our case the term SPCE is loosely used since the fluorescence is most probably coupled to the SPP-S 2 hybrid modes rather than to pure SPPs. Since at the region where the SPCE was observed, the hybrid mode is almost purely plasmonic, we cannot confidently deduce whether the emission is mediated via pure SPPs or the hybrids. In any case, the overlap between the D1 data and SPCE dispersion curve proves the radiation being mediated by SPPs or the hybrid states, as seen on the inset in Fig. 6 . This was especially clear while using the 488 nm excitation (Fig. 6(a) ). When 514 nm excitation wavelength was used a weak extra angle independent peak appeared at 557 nm in the SPCE spectra as shown in Fig. 5(c) . To investigate the nature of the peak, we fabricated and measured a sample with higher β-carotene concentration. The 3 mg β-carotene (instead of 1 mg, as so The detector was equipped with polarizer and the sample emission polarization was also tested with all the angles. Figure 5(e) shows the presence of the same sharp Raman peaks in 270
• region regardless of the detected polarization, while only p-polarized peaks were observed in 0
• region as shown in Fig. 5(d) . The absence of the s-polarized signal in the 0
• region and the intensity dependence of the peaks on the detection angle proves that the Raman scattered radiation was coupled to SPPs or SPP-S 2 hybrid modes and mediated by them, and not appearing at the prism side due to interaction with leaking laser radiation. It is also interesting to note that the observed Raman shifts values are exactly the same as those reported in Ref. 37 for β-carotene solution in isopentane, while the absorption spectrum reported by authors shows no signs of J-aggregates, but is similar to our spectrum of diluted β-carotene solution in chloroform presented above (Fig. 2) . Observation of Raman scattering between two SPP channels has been reported for n-hexane, 50 and also for strongly coupled microcavity modes in Ref. 51 for a planar microcavity containing J-aggregates of a cyanine dye. In both of these experiments the initial excitation was done by SPP or strongly coupled cavity photons, which further scattered by molecule vibrations to another SPP or cavity photon states, and the consequent scattering of them into photons was detected. Since in our case the excitation was done by far field laser from the molecules side, we adapt a mechanism similar to the SPCE process to interpret our data. The initial far field excitation is directly exciting the molecule (resonantly or virtually) and the subsequent emission to another vibrational state inducing the Raman shift, is coupled to SPPs via its near-field. Then SPP travels along the metal surface before scatters to photons that are detected. The presence of both the s-and p-polarized Raman bands in 180
• -270
• region strongly supports this model, since to obtain the s-polarized radiation, part of the radiation have to be direct Raman scattering without coupling to SPPs on the way. In the case of β-carotene excited by the 488 nm laser, the absence of the SPP mediated Raman peaks is predictable. If one assumes the Raman shifts mentioned above, the corresponding peaks would appear in the gap energies or close to the gap region. So, a system in the strong coupling regime does not maintain those modes, and one only observes SPCE. In addition, according to resonance Raman scattering spectra reported in Ref. 52 for all-trans-β-carotene crystals the 1525 cm −1 is much weaker for excitation with 488 nm. On the contrary, by using the excitation of 514 nm the Raman peaks fall within the range of the supported modes. In the case of the fluorescence, the non-radiative relaxation rate seems to increase with the concentration of the β-carotene, whereas the Raman efficiency remains constant. Thus, in the high concentration sample the fluorescence of β-carotene is quenched due to extra non-radiative decay routes provided by the increased amount of J-aggregates, which explains the enhanced Raman peaks observed. We did not observe clear Raman peaks with 1 mg β-carotene sample even with 514 nm excitation as shown in Fig. 5(b) . So, we effectively transformed the emission from the SPCE to the SPP coupled Raman by increasing the β-carotene concentration. The corrugations of silver layer can also cause the enhancement of Raman signals. We think that the effect of the silver film roughness was small since the films were fabricated in the same conditions and were continuous and smooth.
IV. CONCLUSIONS
We have detected strong coupling of SPPs to the two lowest vibrational bands of the S 2 state of the β-carotene. We show that albeit of the complex excited state dynamics and low emission yield, the S 2 excited states are strongly coupled to SPPs with Rabi splittings and coupling energies up to 130 meV. On the other hand, we did not observe any coupling to the forbidden S 1 state of the carotenes, basically due to its very low transition dipole moment. Also a strong surface plasmon coupled emission, together with a surface enhanced and SPP coupled Raman signal were detected. The Raman signal was found to get more dominant over the fluorescence with increased β-carotene concentration. These results share light to many interesting phenomena of strong coupling between biologically important molecules and optical excitations.
